In this study we demonstrate that extended culture of unfractionated mouse bone marrow (BM) cells, in serum-free medium, supplemented only with Fibroblast Growth Factor (FGF)-1, FGF-2 or FGF-1+2 preserves long-term repopulating hematopoietic stem cells (HSCs). Using competitive repopulation assays, high levels of stem cell activity were detectable at 1, 3 and 5 weeks after initiation of culture. Importantly, although HSC activity is typically rapidly lost after short term culture in vitro, our current protocol allows us to sustain stem cell repopulation potential for periods up to 5 weeks.
Introduction
Hematopoietic stem cells (HSCs) play a vital role in establishing and maintaining hematopoiesis throughout life. Key to all stem cell transplantation therapies is the unique property of HSCs to undergo self-renewal and to functionally repopulate the tissue of origin when transplanted into a myeloablated recipient.
It has been shown that HSCs can undergo a large number of self-renewing divisions in vivo, where the actual number of HSCs can increase. For example, in mice, it has been shown that a single stem cell can regenerate and maintain the entire lymphohematopoietic system after transplantation into an irradiated or immunocompromised host [1] [2] [3] .
Recent evidence suggests that signaling molecules involved in embryonic development, when the hematopoietic system is first formed, play an important role in regulating stem cell self renewal. These include Wnt, Bmp and Shh family members [4] [5] [6] [7] [8] [9] . In a recent study we showed that fibroblast growth factor (FGF)-1 is also a potent stimulator of stem cell activity in vitro 10 . In addition, we showed that all long term repopulating hematopoietic stem cell activity is contained in the lineage-depleted,
FGF receptor (FGFR)-positive cell population in mouse bone marrow (BM).
FGF-1 belongs to the family of FGFs of which to date, 22 FGFs and 4 FGF receptors have been identified in vertebrate genomes 11 . All FGFs have a high affinity for heparin and for cell surface heparan sulfate proteoglycan (HSPG) 12 . This complex formation is crucial for high affinity binding of FGF to its receptors. Multiple pleiotropic and overlapping activities of FGF family members have been reported. A large body of evidence from human disorders and gene knockout studies shows that FGF pathways are required for vertebrate and invertebrate development [13] [14] [15] [16] [17] [18] . FGFs are also prominent in the development of the limbs [19] [20] [21] , nervous system 22;23 , and angiogenesis 24;25 . Additionally, several members of the FGF family are potent inducers of mesodermal differentiation in early embryos 26 . Interestingly, FGF-2 has been identified as a strong stimulator of human embryonic stem cell (hESC) selfrenewal. The addition of FGF-2 to serum-free medium allows the clonal culture of hESCs 27 . Recently, it has been reported that hESC culture can be simplified by using high doses of FGF-2 which are adequate to maintain hESCs long-term under feederfree and serum-free growth conditions [28] [29] [30] . Interestingly, neural stem cells grown in 42 three dimensional sphere-like structures in vitro also require the presence of FGF-2 31;32 .
The role of FGFs for in vitro maintenance of hematopoietic stem cells has remained largely unexplored. In the present study, we compared the growth of HSCs in serumfree medium supplemented with FGF-1 and/or FGF-2. We show that long-term repopulating stem cells can be conserved in vitro for periods up to 5 weeks.
Materials and Methods

Mice
Female C57BL/6 SJL CD45.1 mice, originally obtained from the Jackson Laboratory (Bar Habor, ME, http://www.jax.org) and bred in our local animal facility were used as a donor source of HSCs. C57BL/6-Tg(ACTB-EGFP)10sb/J transgenic green fluorescent protein (GFP) mice originally purchased from The Jackson Laboratory were bred in our local animal facility and also used in certain experiments. Wild type female C57BL/6 mice were purchased from Harlan (Horst, The Netherlands, www.harlaneurope.com) and maintained under clean conventional conditions in the animal facilities of the Central Animal Facilities, University of Groningen (The Netherlands). Mice were fed ad libitum with food pellets and acidified tap water (pH = 2.8). All animal procedures were approved by the local animal ethics committee of the University Medical Centre Groningen.
Hematopoietic Cells
Mice were sacrificed by cervical dislocation and BM cells were obtained by crushing both femora. Marrow cells were resuspended in α-minimum essential medium (α- 
Cobblestone Area Forming Cell Assays
Cobblestone area forming cell (CAFC) assays were performed as described 34 35 .
In Vivo Transplantation Assays
Female C57BL/6 mice were used to provide competitor cells and as recipient mice. 
Results
Cell Growth Kinetics and Cell Morphology
We used FGF-1 and FGF-2 separately and the combination of both FGFs as the only stimulus in serum-free media to culture CD45.1 BM cells for a period up to 5 weeks. 
Long-Term Competitive In Vivo Reconstitution of FGF Expanded Cells
To assess whether cells cultured with 
Radioprotection and Long-Term In vivo Reconstitution of FGF-Expanded Cells
To 
Effect of SCF, IL-11 and Flt3L on FGF-1+2 Induced Clonogenic Activity In Vitro
Although single LSK cells cultured in FGF-1+2 did not divide, they did remain Table 2. 2). We next tested whether FGFs would be able to maintain stemness of cells when used in combination with SCF, IL-11 and Flt3L, which provides stronger mitogenic signals.
CAFC assays were carried out to determine clonogenic activity of cells treated with a cocktail of growth factors. We observed a significant (p < .05) increase in day 7
CAFC activity after 3 weeks of culturing in GFs (Figure 2 .5B). CAFC day 7 numbers for cells cultured in the presence of GFs and GF + FGF-1+2, increased 222-and 273-fold, respectively, over the input value, whereas cells treated with FGF-1+2 had a modest 1.5-fold increase over the input value. A contrasting pattern was observed when primitive day 35 CAFC numbers were evaluated (Figure 2 .5B). Day 35 CAFCs of 3 week GFs alone, or GF + FGF-1+2 cultures were below the detection level (less than 1 CAFC per 1x10 6 ). Nevertheless, FGF-1+2 cultured cells were able to maintain day 35 CAFC activity.
Effect of GFs on FGF-1+2 Induced Stem Cell Activity In Vivo
Finally, we determined whether cells cultured in FGF-1+2 with or without SCF, IL-11
and Flt3L provided engraftment in vivo. To this end, varying cell doses ranging from 44 .
We were unable to culture purified LSK cells with only FGFs, whilst recently Zhang and Lodish were able to culture purified BM side population cells with a greater than 8-fold increase in repopulating HSCs when grown in low levels of SCF, thrombopoietin (TPO), IGF-2 and FGF-1 in serum-free medium for 10 days 48 . In our 56 . We speculate that for HSC to be properly maintained and amplified in vitro, the whole BM in co-culture must act as a niche, facilitating stem cells to expand.
It is tempting to postulate that many stem cell expansion studies have not been so successful, because cultures almost invariably were initiated with purified cells. As shown in our purification studies, disruption of HSC from their niche is likely to have detrimental effects on their subsequent developmental potential. Our study represents a clear example of an in vitro system using FGFs, capable of supporting primitive
HSCs for an extended period of time. Future studies will be aimed at creating a niche for stem cells in vitro, while stimulating their proliferation.
